Recent developments in the processing, understanding and mechanical/thermomechanical properties of oxide fibre reinforced oxide ceramic matrix composites for high temperature applications are reported. Two dimensional composite plates and uni-directional tubular composite (so called mini-composite) specimens are successfully manufactured and their microstructure, matrix/ fiber interface as well as mechanical properties are examined. It is shown that the microstructural variations, such as porosity size and interface between fibre and matrix determine the fracture behaviour and high temperature performance of the composites. The optimised components produced are considered to be suitable for gas turbine applications.
Introduction
Continuous fibre reinforced ceramic matrix composites (CMCs) have emerged as leading candidates in gas-turbine applications and power generation systems where future requirements for increased operating temperature, reduction in weight and in exhaust emissions are becoming difficult to meet using conventional metallic alloys [1, 2] . The physical and mechanical properties of new generation oxide/oxide CMCs enable innovative solutions for problems with materials in thermal protection systems and liners in gas turbine engines, rocket engine, hot gas filter technologies, fire prevention, catalytic converters, soot filters and medical applications [3] [4] [5] . As a consequence, many gas turbine manufactures are now placing greater emphasis on the evaluation of oxide/oxide components with enhanced high temperature stability and long service life in oxidizing environments [6] [7] [8] [9] [10] .
Therefore, in the present work, alumina ceramic matrix composites containing woven ceramic fibres were produced in different forms (plate and tubular shape) and characterised in details for high temperature applications. Small damage-tolerant model composite samples called 'mini-composites' suitable for mechanical testing and microstructural observations in a short processing time were also manufactured and tested. ceramic composites with the lowest possible porosity to achieve superior mechanical properties. The approach followed here to improve composite densification was to impregnate the electrophoretically coated fibres with nanosized Al 2 O 3 particles in suspension. A device was developed in which suspension flow onto the fibre mat was automatically controlled [3] . Each coated layer of fibers is taken in turn and placed on a clean sheet of glass. A controlled amount of suspension is then poured onto the fiber mat, where upon a roller is used to ensure an even and thorough impregnation. The fiber mat is then carefully turned over and the process repeated. Once one layer has been so treated, it was carefully laid on a sheet of filter paper. The next layer of fibers was subjected to the same treatment, and then neatly stacked on top of the first layer in parallel condition. In this way the desired number of layers (12 layers in the present work to obtain 40 vol% fiber loading in the composite) was built up. The "green bodies" containing 12 impregnated fiber mats were then stacked in a warm pressing device to compress and consolidate the multilayer structure at 180 o C for 2 h. The warm pressed specimens were finally pressureless sintered at 1200 o C for 2 h in air.
For the processing of mini-composite, first unidirectional fiber bundles were extracted from the woven mullite fiber mats. Each fiber bundle contains approximately 1500 filaments with an average diameter of 12 µm. Then, surface modified fibre bundle was dipped in NdPO 4 suspension for 1 min. to allow NdPO 4 particles to fully cover the fibers. Coated fibre bundles were then sintered at 600 o C for 0.5 h to increase the adhesion between the fibre and the coating layer. Dip-coated fibre bundle is impregnated with nano-size alumina ceramic particles by electrophoretic deposition (EPD) using a deposition voltage of 10 V for 3 min. The details of the technique can be found elsewhere [1] [2] [3] . Coated and electrophoretically deposited fibre bundles were then put in a polymer-based tube with an inner diameter of 4 mm. Then a hot gun was used to heat the surface of the plastic tube up to 150 o C so that it shrinks and squeezes the bundles homogeneously. The specimens compacted within the plastic tube were then removed by cutting the plastic tube and pressureless sintered at 1200 o C for 2h. The sintered mini-composites with a diameter of 2 mm and 40 vol. % fiber loading were then cut for mechanical testing and microstructural observations. 
Results and Discussion
Optical microscopy images of the composite plates and mini-composite produced after pressureless sintering at 1200 o C for 2 h are shown in Fig.1 . indicating that a homogeneous and macro-flaw free surface structure of the plate (Fig.1a ) and tubular composite (Fig.1b ) was obtained.
The final sintered microstructure of the composite shown in Fig.1a contains 10-14 vol.% porosity which is quite low for this type of composite systems. The development of complex and highly sinterable matrix precursors which are silica free, comprising nano-scale alumina powders dispersed in aqueous solution mixed with nano-size colloidal Y 2 O 3 , led to full infiltration by the impregnation technique. It can be concluded that the matrix precursors developed display favourable rheological properties during both the impregnation and warm pressing stages resulting in enhanced matrix infiltration and formability. The present work represents an advance in the development of CMCs with lower porosity using an impregnation technique combined with warm pressing. It is expected from these results that improved sinterability and stability at moderate temperatures will ensure continued fibre integrity and matrix load translation efficiency resulting in high strength, damage-tolerant CMCs. Selected properties of the composite plates and the mini-composites produced are given in Table 1 .
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High-Performance Ceramics VI Interface 100 Key Engineering Materials Vols. 434-435 significant improvement of the present woven fiber-reinforced CMCs, which exhibit better mechanical properties in terms of room temperature tensile strength and high temperature flexural strength. In our previous studies on CMCs with different oxide matrices, the mechanical properties of the final components have been linked to microstructural variations without considering in detail the possible effects of matrix pore size on the properties. In the present work, the average pore size was measured and found to be smaller than 100 nm for composites, as shown in Table 1 . This fine porosity is related to the presence of ultrafine yttria particles (10 nm) within the matrix that act as sintering additives and provide a more homogeneous matrix structure in terms of density and pore size distribution.
Load-displacement curves of the plate composite samples were also recorded for comparison at room and high temperatures (1300 o C), as shown in Fig.2 . As shown in Fig.2a , both composites exhibit a damage-tolerant behaviour at room temperature and composite failure started with fibre failure followed by multiple matrix cracking (the first and second peaks in the graphs) and eventually delamination and fiber pull-out took place. Similar results were observed on the samples tested at 1300 o C, as shown in Fig.2b , confirming that the composite plates produced in the present work showed damage-tolerant behaviour at both room temperature and at 1300 o C.
It is important to avoid the occurrence of any reaction between the coating layer and the reinforcement fibres in order to obtain ideal damage-tolerant behaviour by activation of crack deflection and fibre debonding/pull-out mechanisms. To observe the interface region of a composite sample containing NdPO 4 interface in detail transmission electron microscopy observations were carried out. It is seen in Fig.3 that there is no reaction zone between NdPO 4 and alumina matrix for plate ( Fig.3a ) and tubular CMC (Fig.3b ) samples and the interface region is clean as evident by the absence of reaction products, which was confirmed also by TEM EDX. It is also seen from the TEM micrograph in Fig.3 that the grain size of the NdPO 4 interface is about 200 nm which should act as a dense barrier preventing oxygen diffusion from the matrix through the fibres.
It is also shown in Fig.3c that the mini composites tested show damage-tolerant behaviour at room and 1300 o C.
Conclusion
Woven fibre-reinforced alumina matrix composites in two different form (plate and tubular samples) with NdPO 4 interface were manufactured and characterised. Both CMCs show damage-tolerant behaviour at room temperature and 1300 o C proving their suitability for high temperature applications. Microstructural variations, such as fine pore size (<100 nm) and no reaction zone between the reinforcement fibres and matrix promote the mechanical performance. No significant loss in strength is observed at 1300 o C for both CMCs due to presence of dense protective coating layer around the fibres. Therefore, the composites produced are considered to be ideal components for efficient energy conversion applications.
